The goal of current studies in cancer prevention is to determine the mechanisms of synergistic action of the natural source compounds known to inhibit one or more stages of carcinogenesis, that is, initiation and promotion/progression. Many natural cancer preventive agents are effective inhibitors of tumor initiation, promotion, and/or progression. The mechanism of action is related to their abilities to prevent critical carcinogen metabolism and to increase detoxification of carcinogens and tumor promoters. The authors review here the potential role of the detoxification system and, in particular, the roles of D-glucaric acid and the enzyme β-glucuronidase in early detection and prevention of cancer. There is now growing evidence for the possible control of different stages of the cancer induction by inhibiting βglucuronidase with D-glucaric acid derivatives, especially with its salts (D-glucarates). D-Glucaric acid has been found in many vegetables and fruits. Therefore, the consumption of fruits and vegetables naturally rich in D-glucaric acid or self-medication with D-glucaric acid derivatives such as calcium D-glucarate offers a promising cancer prevention approach.
Inhibition of the induction of cancer (carcinogenesis) and the prevention of cancer with chemical compounds is usually referred to as chemoprevention. Chemopreventive agents, which prevent cancercausing agents (carcinogens) from reaching or reacting with critical targets (cancer initiation) are called blocking agents, whereas those preventing the evolution of the neoplastic process in cells (cancer promotion and progression) are called suppressing agents. 1 Currently, a number of blocking and suppressing agents are being tested using either pharmacological or, less often, nutritional regimens. Chemopreventive blocking agents can prevent the occurrence of cancer by increasing the detoxification of chemical carcinogens, tumor promoters, and tumor progressors. 2 The pathways of detoxification have been divided into 2 major categories: phase I reactions (oxidations, reductions, and hydrolyses) and phase II reactions (conjugations). Both phase I and II reactions are to make the toxin molecule more polar or water soluble and therefore readily excreted. There has been a growing interest in the inhibitors that induce an increase in activity of phase II detoxifying enzymes, with a special emphasis on glutathione S-transferases. 2 Glutathione S-transferases conjugate ultimate carcinogens, that is, very reactive electrophilic metabolites of carcinogenic compounds, with glutathione.
There is also strong evidence for the detoxification of chemical carcinogens or their metabolites and tumor promoters/progressors by UDP-glucuronosyltransferases, 2 which conjugate nucleophilic compounds produced by our bodies (endogenous) as well as foreign chemicals (exogenous), with D-glucuronic acid. Conjugation with D-glucuronic acid, that is, glucuronidation, appears to be the principal conjugation pathway in the tissues of all vertebrate species examined to date. 3 The conjugates are excreted in the bile and urine or transported from one tissue (usually liver) to other tissues. UDP-glucuronosyltransferases are found in the endoplasmic reticulum and nuclear membranes and are markedly inducible by xenobiotic inducers (foreign compounds). 4 High specific activity of nuclear UDP-glucuronosyltransferase in the nuclear membrane in proximity to genetic material suggests a very important role in the deactivation of both foreign and endogenous compounds such as steroid hormones. Thus, this enzyme could also serve as an important barrier for the nuclear genetic apparatus against mutagenic and carcinogenic or otherwise toxic chemical compounds. 5 Carcinogens identified to date, which after metabolic activation are subject to glucuronidation, include polycyclic aromatic hydrocarbons, some nitrosoamines, aromatic amines, and fungal toxins. Certain tumor promoters including steroid hormones also undergo glucuronidation. 3 The importance of conjugating enzymes such as UDP-glucuronosyltransferase, which uses nucleophilic substrates instead of reactive electrophiles, has only recently been recognized. 2 It has become apparent that nucleophilic metabolites are often intermediates in formation of ultimate carcinogens. Furthermore, it is clear that glucuronides may be highly stable forms of these intermediates, which are subject to further activation after hydrolysis by the enzyme βglucuronidase at sites distant from their site of formation. 6 In fact, the elimination and or deactivation of potentially damaging chemicals that undergo glucuronidation is limited not only by the rate of conjugation with D-glucuronic acid but also by the rate of de-glucuronidation by this ubiquitous enzyme. 3
Novel Biomarkers of Detoxification System: D-Glucaric Acid and ␤-Glucuronidase
The availability of effective chemoprevention agents is only one component of a full chemoprevention program. Another important component is the availability of a marker or markers that can help evaluate the effects of chemopreventive agents early during the prevention trials and evaluate individuals as to the magnitude of general or site-specific risk to cancer. In fact, the development of intermediate biomarkers of cancer risk and the evaluation of efficacy of individual biological or molecular markers as intermediate end points in prevention trials have been considered as important avenues in cancer research.
Recently, the potential role of the detoxification system and the roles of D-glucaric acid and βglucuronidase in early detection and prevention of cancer have been investigated. D-Glucaric acid is a natural, apparently nontoxic compound produced by some plants, especially in fruits and vegetables, and in small amounts by mammals, including humans. 7 D-Glucaric acid is an end product of the D-glucuronic acid pathway in mammals. 7 Oxidation of D-glucuronic acid or its lactone leads to oxidation products that hydrolyze spontaneously in aqueous solution to give the potent β-glucuronidase inhibitor, D-glucaro-1,4lactone, noninhibitory D-glucaro-6,3-lactone, and Dglucaric acid (see Figure 1 ), all of which are excreted in urine. 7 D-Glucaric acid was identified as a normal constituent of urine 7 and serum. 8 In fact, D-glucaric acid is a major serum organic acid. 8 However, significant differences in serum levels and urinary excretion of D-glucaric acid have been reported 8, 9 for apparently healthy people. Since urinary excretion of D-glucaric acid increases following exposure to xenobiotics, it was suggested for use as an indirect indicator of hepatic microsomal enzyme induction by xenobiotic agents. 10 D-Glucaric acid urinary excretion in cancer patients and tumor-bearing rats was found 11 to be significantly lower than in healthy controls. In mice with experimental tumors and in cancer patients, uninvolved liver had a lowered D-glucaric acid level. 7 Cancer tissue itself lacked the D-glucaric acid synthesizing system. 7 The physiological function of D-glucaric acid is unclear. Formation of D-glucaro-1,4-lactone, an inhibitor of β-glucuronidase, from one of the products of its hydrolytic action (ie, D-glucuronic acid), could be regarded as a negative feedback mechanism. The accumulation in the body of free carcinogens, tumor promoters, and other toxins, normally excreted as glucuronides in the bile or urine, may be aggravated not only by the elevated β-glucuronidase activity but also by the depressed synthesis of the β-glucuronidase inhibitor D-glucaro-1,4-lactone ( Figure 2 ). D-Glucaro-1,4-lactone does not directly affect the UDP-glucuronosyltransferase activity. 3 However, by inhibiting β-glucuronidase, it does enhance net glucuronidation. Therefore, it has a potential for chemoprevention of cancer. 12, 13 There is now growing evidence 12-14 from short-and long-term models for the possible control of different stages of the carcinogenic process by D-glucaro-1,4-lactone, and specifically by its precursors such as D-glucaric acid salts (D-glucarates). Recently, D-glucaric acid and has been found in some vegetables and fruits. 15 Thus, the consumption of fruits and vegetables naturally rich in D-glucaric acid, or self-medication with D-glucaric acid derivatives such as calcium D-glucarate or potassium hydrogen Dglucarate, offers a promising chemopreventive approach.
The ability to inhibit chemical carcinogenesis by inhibiting β-glucuronidase activity has some interesting implications. For example, certain subpopulations may be more susceptible to chemical carcinogens because of high β-glucuronidase activity. There is good evidence for human subpopulations with high and low β-glucuronidase levels. Also, β-glucuronidase levels are higher in 25-to 60-year-old males, in pregnant women, and in workers exposed to certain environmental carcinogens. In animal models, βglucuronidase activity increases significantly after both tobacco smoke exposure and oral tobacco administration. Although most of this evidence (reviewed earlier 12, 13 ) relative to subpopulations, which may be particularly susceptible to carcinogens, is circumstantial, it does suggest that the association between β-glucuronidase activity and chemical carcinogenesis in animal models, or cancer incidence in human subpopulations, warrants further study.
Because urinary excretion of D-glucaric acid increases following exposure to xenobiotics, including different toxins and environmental carcinogens, urinary excretion of D-glucaric acid is considered useful as a nonspecific parameter for exposure to environmental factors. 16 In fact, very often, the results of the D-glucaric acid tests correlate well with the results of bacterial urinary assays for mutagenic activity, that is, the Ames test. 16 In relatively small population studies, smoking has been found to have no effect or to cause a significant increase. 9 However, the tobacco use extent, that is, light versus heavy tobacco use, has not been clearly stated in the above studies. Disease states known to be accompanied by increased excretion of Dglucaric acid include alcoholism, early stage of renal disease in children, and liver diseases. 16 Decreased values of D-glucaric acid excretion have been found to occur in patients with congestive heart failure, starvation, severe burns, and favism. 16 However, intraindividual variations in urinary excretion of D-glucaric acid have been reported. 16 Since the total daily urine collection is often impractical and unreliable, it was proposed to determine the blood serum levels of D-glucaric acid in cancer patients. It was found 17 that normal levels of Dglucaric acid in the blood serum of healthy people are 1.42 ± 0.5 µM in women and 1.50 ± 0.29 µM in men. In cancer patients, the blood serum concentration of Dglucaric acid drops significantly, that is, to levels usually lower then 1 µM. 17 Recently, a Phase I clinical trial was undertaken to begin to explore the potential role of D-glucaric acid in the prevention of cancer in humans. 18 Current smokers and nonsmokers, both men and women, were assigned to escalating doses of calcium Dglucarate (from 1.5 to 9.0 gm/day) given over a 6-week period. Blood levels of D-glucaric acid and βglucuronidase were determined at baseline and every 2 weeks. In addition, lymphocytes and sputum specimens were collected for K-ras oncogene determination. A consistent suppression of β-glucuronidase levels was achieved by increasing doses of calcium D-glucarate, which, in turn, correlated well with increasing Dglucaric acid blood levels. DNA was isolated from the lymphocyte fraction of the blood and sputum obtained from male and female smokers and nonsmokers (baseline). Mutated K-ras, an oncogene linked to lung cancer, was found in the DNA isolated from baseline blood lymphocytes and from sputum of some male smokers. No K-ras mutations were found in nonsmokers. The baseline D-glucaric acid level in the blood of smokers with mutated K-ras was significantly lower (ie, by circa 34%, P < .05) than in other smokers or nonsmokers. No unusual toxicity was encountered in this Phase I study, and calcium D-glucarate was well tolerated, even at the highest dose levels. 18 Thus, calcium D-glucarate supplementation has potential for reducing the risk of lung cancer development in tobacco smokers. The results of extensive animal studies 12, 13 also suggest that calcium D-glucarate may reduce the risk of lung as well as breast, prostate, liver, skin, and colon cancer in humans.
Importance of Natural Inhibitors of Carcinogenesis
Scores of epidemiologic studies have noted a lower risk of cancer among persons whose diet include a relatively large amount of vegetables, fruits, and other plant products. 19, 20 A popular explanation, both within the scientific community and among members of the public, is that different vitamins and other micronutrients in vegetables, fruits, and other natural plant products prevent carcinogenesis by interfering with detrimental actions of mutagens, carcinogens, and tumor promoters. These natural inhibitors of carcinogenesis are apparently nontoxic or markedly less toxic than synthetic chemopreventive agents. Although it is generally accepted that a diet of large amounts of vegetables, fruits, and other plant products lowers cancer incidence, there is still a need to identify the most effective constituents of the diet as well as to elucidate their mechanisms of action.
Detoxifying Cancer Causing Agents
There has been significant progress in the understanding of the multistage nature of carcinogenesis [21] [22] [23] and the mechanisms of cancer prevention. 2, 24, 25 The mouse skin model, which represents one of the best understood experimental models of multistage carcinogenesis, has permitted the resolution of three distinct stages: initiation, promotion, and progression. 21, 22 It is now apparent that the cellular evolution to malignancy involves the sequential alteration of proto-oncogenes 26 and/or tumor suppressor genes, 27 whose gene products participated in critical pathways for the transduction of signals and/or regulation of gene expression.
One of the goals of current studies in cancer prevention is to determine the mechanisms of synergistic action of the natural source compounds, known to inhibit one or more stages of carcinogenesis, that is, initiation and promotion/progression. 2, 24 The basic theory underlying these studies is that concurrent treatment with various natural source inhibitors of different stages of carcinogenesis results in synergistic effects, leading to more efficient prevention of cancer.
The mechanisms that focus on initiation events include (a) inhibition or alteration of phase I enzymes responsible for the formation of reactive carcinogenic metabolites ultimately leading to their reduced formation; (b) inhibition or induction of oxidative enzyme pathways that produce products of lower carcinogenic potential; (c) induction of detoxification enzymes (phase II enzymes) and pathways (nonoxidative) for both proximate and ultimate carcinogen; (d) scavenging of reactive, carcinogenic intermediates through direct chemical interaction; (e) inhibition or enhancement of DNA repair mechanisms; and (f ) inhibition of cell proliferation and DNA synthesis. Specifically, one may want to choose compounds that act through one or more different mechanisms (see Table 1 ). For example, one may chose an agent that appears to work primarily by mechanism (a) above, for example, ellagic acid. 2, 24 This compound has been shown to block cytochrome P450 enzymes involved in the metabolic activation of polycyclic aromatic hydrocarbons. On the other hand, ellagic acid appears to work also by scavenging electrophilic carcinogenic intermediates. 2, 19 Thus, such a compound would fall into mechanism (d ) above. One may also want to use proanthocyanidins and green tea polyphenols that fall into the general class of chemicals that possess antioxidant properties. These compounds have been shown to alter specific metabolic pathways, including phase I and phase II enzyme mediated pathways, in bringing about inhibition of carcinogenesis in different tissues. 2, 24 All these compounds appear to have the common feature that they have been shown to induce the activity of glutathione S-transferases in specific tissues. 2, 24 Many of these compounds appear to have actions that would place them in mechanism (c) above. This latter property (that is, the ability to induce enzymes involved in detoxification of many carcinogens) may represent the most important property in the ability of some of these compounds to block carcinogenesis by diverse carcinogenic agents. Finally, one may choose to use calcium D-glucarate, an in vivo inhibitor of the βglucuronidase enzyme, also involved in detoxification of many carcinogens and tumor promoters (mechanism (c)). 12, 13 The process of tumor promotion/progression involves a combination of several mechanisms. Among anti-tumor-promoting mechanisms (see Table 1 ), the ones that are most promising include (a) inhibition of inflammation, (b) inhibition of cell proliferation and hyperplasia, (c) modulation of cell differentiation and apoptosis, (d) scavenging of reactive oxygen species and preventing depletion of antioxidant defense systems, and (e) enhancement of tumor promoter detoxification pathways. The natural cancerpreventive agents that exert their effects against tumor promotion usually inhibit one, more, or even all events involved in the tumor promotion process. 2, 24, 25 It is unclear, however, whether inhibition of one particular event involved in promotion by chemopreventive agents is sufficient and/or necessary to exert their maximum to complete anti-tumor-promoting effects. 2, 25 Specifically, one may chose, for example, anti-tumor-promoting natural compounds or extracts 2,19 that inhibit inflammation (mechanism (a) above, agents such as resveratrol and ursolic acid from rosemary extract); cell proliferation and hyperplasia (mechanism (b) above, agents such as retinoids and Dglucarate); and oxygen free radical formation (mechanism (d) above, agents such as lycopene and proanthocyanidins). In addition, one may want to use novel triterpenoid saponins, named avicins, recently shown 28 to reduce inflammation and hyperplasia (mechanisms a and b) as well as oxidative damage and nitrosative stress (mechanism d). Finally, one may use anti-tumor-promoting compounds such as Dglucarate 12, 13 to reduce the detrimental effects of free steroid hormones in the mammary gland and the prostate gland carcinogenesis (mechanism e). In breast cancer prevention, D-glucarate may potentially be used alone or in combination with antiestrogens or aromatase inhibitors. 29 In conclusion, many natural cancer-preventive agents are effective inhibitors of tumor initiation, promotion, and/or progression. In a number of cases, the mechanism(s) of action are related to their abilities to prevent critical carcinogen metabolism, and to increase detoxification pathways for carcinogens and free radicals as well as to their antioxidizing activity. Usually, natural cancer preventive agents inhibit the initiation and promotion/progression stages to a different degree. Therefore, a combination(s) of various natural cancer preventive agents, with different mechanisms of action, will most likely prove to be more effective in inhibiting the development of cancer compared to 1 agent. However, one must take into account that some inducers and inhibitors of phase I, phase II, and related enzymes may affect the metabolism of cancer drugs. 30 Making scientifically based decisions 30, 31 about the use of food and herbal medicines during chemotherapy is very important because of the critical nature of cancer treatment.
Table 1. Targeting Specific Stages of Carcinogenesis With Dietary Factors and Chemopreventive Agents

